1 The abbreviations used are: CD, circular dichroism; DPC, dodecylphosphocholine; DQF-COSY, double-quantum filtered correlated spectroscopy; GGN, gaegurin; MIC, minimal inhibitory concentration; NATA, N-acetyl-L-tryptophanamide; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy; SDS, sodium dodecyl sulfate; TFE, trifluoroethanol; TOCSY, total correlation spectroscopy; Thirty-one kinds of GGN5 analogues were synthesized, and their biological activities were analyzed against diverse microorganisms and human erythrocytes. The structural properties of the peptides in various solutions were characterized by spectroscopic methods. The N-terminal 13 residues of GGN5 were identified as the minimal requirement for biological activity. The helical stability, the amphipathic property, and the hydrophobic N-terminus were characterized as the important structural factors driving the activity. To develop shorter antibiotic peptides, amino-acid substitutions in an inactive 11-residue analogue were examined. Single tryptophanyl substitutions at certain positions yielded some active 11-residue analogues. The most effective site for the substitution was the hydrophobic-hydrophilic interface in the amphipathic helical structure. At this position, tryptophan was the most useful amino-acid conferring favorable activity to the peptide. The introduced tryptophan played an important anchoring role for the membrane-interaction of the peptides. Finally, two 11-residue analogues of GGN5, which exhibited strong bactericidal activity with little hemolytic activity, were obtained as propertyoptimized candidates for new peptide antibiotic development. Altogether, the present approach not only characterized some important factors for the antimicrobial activity, but also provided useful information about peptide engineering to search for potent lead molecules for new peptide antibiotic development.
After centrifugation, the OD 550 of the supernatant was measured. The relative attenuation, as compared with that of the suspension treated with 0.2% Triton X-100, was defined as the percentage of hemolysis. measurement, the pH was adjusted to 4.0 by the addition of 0.1 N HCl or NaOH. CD spectra were obtained at 20℃ on a JASCO J-720 spectropolarimeter, using a 0.2 cm path-length cell.
CD scans were taken at 293 K from 250 nm to 190 nm, with a 1 nm bandwidth, a 4 sec response time, a scan speed of 50 nm/min, and a 0.5 nm step resolution. Three scans were added and averaged, followed by subtraction of the CD signal of the solvent. Finally, the CD intensity was normalized as the mean residue molar ellipticity (21) Fluorescence Spectroscopy -Fluorescence emissions of 5 µM peptide and NATA dissolved in various solvents (water, 10 mM SDS micelles, and 5 mM DPC micelles, respectively, at pH 4.0) were monitored on a JASCO FP-6500 spectrofluorometer at 20 ℃, using a 10 mm quartz
cell. An excitation wavelength of 295 nm was used, to ensure that the light was absorbed almost entirely by tryptophanyl groups (28). Emission scans were taken from 300 nm to 450 nm, with a ,where F and F 0 mean the fluorescence intensity at λ max (the wavelength where the maximum intensity F max is observed) in the presence and absence of quencher, respectively. NATA was used as a control material for fluorescence experiments, as it is an indole derivative that closely mimics a tryptophan residue involved in peptide bonds (21, 30, 31). the proton resonances were achieved by spin system identification from the TOCSY and DQF-COSY spectra, followed by sequential assignments through the NOE connectivities (21, 32-34).
RESULTS AND DISCUSSION
Minimal Requirement for the Activity -Prior to the design of the GGN5 analogues, the previously reported structure of GGN5 (22) was inspected and characterized into three components ( Fig. 1) : the hydrophobic N-terminus (residues 1~4), the C-terminal cyclic loop (residues 18~24) by a conserved disulfide bond, and the body of an amphipathic α-helix (residues 3~20) kinked at Pro 14 . The N-terminal hydrophobic region has been suggested to anchor the peptide within the membrane, while the C-terminally conserved disulfide bond (14, 23) was not important for structure and activity (22, 34). Additionally, the helical kink at Pro 14 was important for the selectivity, rather than for the antimicrobial activity. All of these previous results led us to focus on the N-terminal 13 residues preceding Pro 14 as the minimal requirement for the activity. Indeed, in the present work, GGN5 N13 (a synthetic peptide corresponding to the N-terminal 13 residues of GGN5; analogue #4 in Fig. 2 ) exhibited antimicrobial activity comparable to that of the intact GGN5, although its hemolytic activity was more than three-fold higher (Table I) . Other synthetic N-terminal fragments of GGN5, that were shorter than GGN5 N13 (analogues #1~#3 and #5 in Fig. 2 ) and other 13-residue fragments of GGN5
(analogues #6~#9 in Fig. 2 ) showed no biological activity (Table I) . Thus, the N-terminal 13 residues of GGN5 could be identified as the minimal requirement for activity.
The conformational preferences of the synthetic GGN5 fragments in different environments were investigated by CD spectroscopy. As a partial membrane-mimetic environment, the hydrophobic, helix-stabilizing agent TFE was used to evaluate the inherent helical propensity of the peptides (33-38). DPC micelles, with a zwitterionic surface, and SDS micelles, with a negatively-charged surface, were used as model systems that more closely resemble the amphiphilic environment of a biological phospholipid bilayer (10, 21, (38) (39) (40) . In Fig. 3 analogues produced CD spectra with a single minimum near 200 nm, proving the absence of ordered structure. In 50% TFE/water, 10 mM SDS micelles, and 5 mM DPC micelles, their CD signals at 208 and 222 nm were intensified, which indicates that a helical conformation was stabilized. This type of conformational change, from a random-coil in aqueous solutions to an α-helix in membrane-mimetic environments, is common among many membrane-binding peptides (1, 21, 38) including the native GGN5 (inset in Fig. 3A) . Although all of the synthetic GGN5 fragments showed the same conformational preferences in various solvents, they differed from one another in their helical contents deduced from | N13 , the only bioactive peptide among the synthetic N-terminal fragments, showed the highest helical content, while the others, which were inactive, showed much lower helix contents (Fig. 3B ). Particularly in detergent micelles, the helical content of GGN5 N13 was comparable to that of the intact GGN5, although its potential helical propensity evaluated in 50% TFE/water was lower than that of GGN5. Based on the GGN5 structure ( Fig. 1) , the GGN5 fragment peptides would exhibit an amphipathic characteristic, which is important for the membrane interaction (6, 21, 38) , by adopting helical structures. Since the most stabilized helical conformation would afford the peptides maximal amphipathicity, the helical stability in membrane-mimetic environments could be directly correlated to the activities, including both the antimicrobial and hemolytic activities. Taken altogether, the comparative analysis of the CD parameters indicated that the helical content or helical stability would be a critical factor for the biological activity of the synthetic GGN5
fragments. In addition, the remarkable difference in the hemolytic activity, in spite of the comparable helicity, between GGN5 and GGN5 N13 indicates that the C-terminal part, from Pro 14 of GGN5, directs the selectivity between bacterial and eukaryotic cells.
Sequence Modification of GGN5
N13 -For the activity modulation of GGN5 N13 , two kinds of amino-acid substitutions affecting the amphipathic property were tested (analogues #10 and #11
in Fig. 2 ): the G3K substitution would be more amphipathic, and the G3K/S10L substitution would increase the hydrophobic portion (refer to Fig. 1B ). The CD parameters were nearly identical between GGN5 N13 and the analogues (Fig. 3B) , and thus these substitutions had no significant structural effects. The reasonably increased bioactivity conferred by the G3K substitution (Table I) indicated that the amphipathic property is an important factor for the peptide-membrane interaction. However, the G3K/S10L substitution in GGN5 N13 moderately decreased the antimicrobial activity (Table I ). This means that the hydrophilic face would play a role in the peptide function against the bacterial cell membrane, probably by providing an electrostatic interaction with the negatively-charged membrane surface. In addition, the greatly enhanced hemolytic activity afforded by the G3K/S10L substitution (Table I) suggests that the hydrophobic interaction between the hydrophobic face of the peptide and the hydrophobic core of the eukaryotic membrane would be the most critical factor in terms of the hemolytic activity.
Consequently, the proper proportion of a hydrophobic face as well as a sufficient hydrophilic face must be considered in the amphipathic peptide modifications for favorable activity and selectivity.
Tow additional (F1A and F1W) substitutions in GGN5 N13 (analogues #12 and #13 in Fig. 2) were tested to evaluate the functional importance of the N-terminus. The importance of Phe biological activity (Table I ). The first F1A substitution, which was designed to decrease the hydrophobicity at position 1, remarkably reduced both the antimicrobial and hemolytic activities (Table I ). In addition, the helix content of the F1A-GGN5 N13 was lower than that of GGN5 N13 in detergent micelles, although its helical propensity in 50% TFE was higher (Fig. 3B ).
Thus, consistent with the previous suggestion (22), the hydrophobic Phe 1 residue of GGN5
would be inserted into the membrane to interact with the hydrophobic acyl chains. The F1W substitution of GGN5 N13 , which was designed to strengthen the membrane-interaction at position 1, moderately enhanced the antimicrobial activity and greatly increased the hemolytic activity (Table I) , despite the reduced helical stability ( found that a single tryptophanyl substitution at position 16 in the ∆ 24-37 GGN4 (or GGN4 N23 ), a synthetic, inactive fragment of gaegurin 4 (GGN4), generated strong antimicrobial activity without significant hemolytic activity (21, 34). In the present work, to find a smaller GGN5
analogue possessing both enhanced antimicrobial activity and lower hemolytic activity, we synthesized 11 analogues of the inactive GGN5 N11 , with single tryptophanyl substitutions at each position (analogues #14~#24 in Fig. 2 ). As shown in Table II , some single Trp-substituted analogues of GGN5 N11 (#14~#17, #19, #21, and #23) exhibited biological activity. In contrast to the GGN5 N-terminal fragments that showed a good correlation between the activity and the helical stability (Table I and Fig. 3B ), the antimicrobial activities of the GGN5 N11 Trpsubstituted analogues were not proportional to their helical content (Table II and Fig. 3B ). Only a rough correlation existed between the activity and the helical stability: i.e., the helical propensity in 50% TFE/water was higher for the active group (analogues #14~#17, #19, #21, and #23) than for the inactive group (analogues #18, #20, #22, and #24). To find another structural factor affecting the activity, the intrinsic fluorescence emission spectra of the GGN5 N11 Trp-substituted analogues were measured. Fig. 4A shows the fluorescence emission spectra of the most active ones (analogues #17 and #21). Both peptides showed a large blue shift of λ max by more than 10 nm (Table III) , when the solvent was changed from water to detergent micelles. This large blue shift, which was not observed for NATA (an indole derivative used as a control; Table III ). In the presence of detergent micelles, the fluorescence quenching rates for both A4W-GGN5 N11 and V8W-GGN5 N11 were significantly decreased, with a concomitant reduction in the static quenching constant, V (Fig. 4B) . The lower collisional quenching constant (K SV ), which is kinetically controlled by the diffusion of quencher molecules (28, 29), indicates that the Trp residues were buried within a slowly diffusing structure, such as a micelle interior (29, 43). In addition, the reduced value of V, which can be regarded as the surrounding volume of a chromophore (29), indicates that the Trp side-chains were sterically shielded, probably by interacting with the detergent molecules. Taken together, the fluorescence results showed that the tryptophan residues in A4W-GGN5 N11 and V8W-GGN5 N11 were anchored within the hydrophobic membrane core. As shown in Table III , the fluorescence parameters (λ max , F max , K SV , and V) of NATA and the individual GGN5 N11 Trpsubstituted analogues were compared. The fluorescence parameters of NATA were just slightly changed in the presence of micelles, indicating a weak or nonspecific interaction with the micelles. However, many of the GGN5 N11 Trp-substituted analogues showed large decreases of λ max , K SV , and V in the presence of micelles. This means that the peptides were folded to readily insert their tryptophan residues into the micelle core. However, no specific correlation was found between the parameters and the peptide activity. In summary, although the helical stability (evaluated by CD parameters) and the anchoring of tryptophan (evaluated by fluorescence parameters) could be important factors for the activity of the GGN5 N11 Trpsubstituted analogues, they were not sufficient to completely define the difference in the activities of the peptides.
Effective Positions for Tryptophanyl Substitutions -As another critical factor in discriminating the activity, the location of tryptophan in the peptides was examined. First, the Trp-substitutions of the N-terminal residues (F1, L2, or G3) in GGN5 N11 were moderately effective for generating the activity (Table II) . Since this N-terminal hydrophobic region in GGN5 ( Fig. 1 ) is expected to interact with the membrane interior (22), a tryptophan within this region of the GGN5 N11 analogues could strengthen the membrane-affinity of the peptides. More effective positions (A4, V8, and S10) for Trp-substitutions were mapped on the interface between the hydrophobic and hydrophilic faces in the helical wheel projection (Fig. 1B) . As the tryptophan side-chain is amphiphilic in nature, its location at the amphipathic interface would be advantageous to facilitate both the hydrophobic and electrostatic interactions between the peptide and bacterial membranes (21). Particularly, A4W-GGN5 N11 and V8W-GGN5 N11 showed
antimicrobial activities comparable to that of the native GGN5 (Table II) . The two positions (A4 and V8) constitute the starting (in the right-handed direction) side of the hydrophobic face (Figs. 1B). Thus, a tryptophan introduced at these positions would be located at the amphipathic interface, between the hydrophilic ending side and the hydrophobic staring side. Specifically, the tryptophan in A4W-GGN5 N11 , an analogue with somewhat higher antimicrobial activity than that of V8W-GGN5 N11 , can provide a more critical, defining point of the interface (Figs. 1B and 5A ). This position is quite consistent with the location of tryptophan in the previous active analogue of GGN4 (21). The D16W substitution in GGN4 N23 (an inactive synthetic GGN4 fragment) effectively generated the activity. In the amphipathic helical structure of D16W-GGN4 N23 (21), the substituted tryptophan was located at the critical interface between the hydrophilic ending side and the hydrophobic starting side (Fig. 5B) . Therefore, a Trpsubstitution at an amphipathic interface can be a useful tool for peptide engineering, to generate or increase the antimicrobial activity of amphipathic helical peptides, and the most effective position for the substitution is the site between the hydrophilic ending side and the hydrophobic starting side in the helical wheel projection. Another benefit of this critical Trp-substitution is the achievement of selectivity. Consistent with the previous results with D16W-GGN4 N23 , the A4W-GGN5 N11 and V8W-GGN5 N11 analogues showed low hemolytic activities, in the range of that of GGN5, despite their highly enhanced antimicrobial activities.
Characterization of A4W-GGN5 N11 and V8W-GGN5
N11 -The most active Trp-substituted analogues of GGN5 N11 , A4W-GGN5 N11 and V8W-GGN5 N11 , were structurally characterized by NMR spectroscopy in SDS micelles. As shown in Fig. 4C , the sequential and medium-range inter-residue NOE connectivities that are characteristic of an α-helical conformation were unambiguously detected for both peptides in SDS micelles. The negative deviation of the 1 H α chemical shift from its random-coil value (46) and the nearly complete sets of d NN 
) NOE connectivities indicated the presence of a regular α-helical conformation (21, 22, 32) in the region from residues G3 (or L2) ~ S10(or K11), which is consistent with the corresponding region in the intact GGN5 (Fig. 1) . Therefore, the results confirm that the helical wheel diagram in Fig. 5 was applicable, and thus that the substituted tryptophans occupied the amphipathic interface between the hydrophilic ending side and the hydrophobic starting side. In order to examine whether the tryptophan is essential at positions 4 and 8, different substitutions with other amino acids were performed: leucine for a hydrophobic, aliphatic amino-acid, lysine for a hydrophilic, cationic amino-acid, and phenylalanine for a hydrophobic, aromatic amino-acid (Fig. 2) . The antimicrobial activities generated by the A4L(K,F) or A8L(K,F) substitutions in GGN5 N11 were much lower than those of the A4W or V8W substitutions, and functioned mainly against Gram-positive bacteria (Table IV) .
Additionally, significant hemolytic activity was observed for the A4F substitution. This result indicates that tryptophan is the most effective amino-acid for the A4 and V8 substitutions to generate favorable activity. A synergistic antimicrobial effect was observed with the double Trp-substitution at positions 4 and 8; the 4,8 W-GGN5 N11 analogue (Fig. 1) showed dramatically enhanced antimicrobial activity (Table IV) . Unfortunately, it also had the most significant hemolytic activity. Finally, the antibacterial properties (whether bacteriostatic or bactericidal) of A4W-GGN5 N11 and V8W-GGN5 N11 were defined by killing curve experiments. Consistent with the native GGN5, both analogues clearly showed bactericidal effects against both Gramnegative (E. coli) and Gram-positive (S. aureus) bacteria, when treated at a concentration at or above the MIC (Fig. 6) . Accordingly, for the following reasons, A4W-GGN5 N11 and V8W-GGN5 N11 could be considered as the most property-optimized analogues of GGN5, to be target molecules for new antibiotic development. Although they were less than half of the size of GGN5, these analogues exhibited a broad spectrum of bactericidal activity, comparable to that of the native GGN5, and low hemolytic activity, in the range of that displayed by GGN5. On the contrary, in spite of their reasonable antimicrobial activities, some analogues, including 4,8 W-GGN5 N11 , G3W-GGN5 N11 and S10W-GGN5 N11 , could not be suggested as useful target molecules, because of their significant hemolytic activities. a Amino-acid sequences are represented by the corresponding sample numbers (refer to Fig. 2) .
b MICs were the average values obtained with triplicate samples in three independent measurements. c Hemolysis (%) is defined as the relative value to 100% hemolysis on human red blood cells treated with 0.2% Triton X-100. 
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